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A B S T R A C T   

Driven by population growth, the destruction of the environment and the energy demand 
continue to increase dramatically. This study uses garlic skin and carbon fiber from agricultural 
and industrial wastes to prepare energy storage devices. Carbon quantum dots (CQDs) were 
obtained from garlic skin using high-temperature pyrolysis. The specific capacitance of the gel 
electrolyte could be effectively increased with a small number of CQDs doping. A methylcellulose- 
based carbon fiber-electrode was prepared by grinding and depositing the industrial recycled 
carbon fiber onto a biodegradable methylcellulose substrate. The methylcellulose-based recycled 
carbon fiber-electrode has the highest specific capacitance, energy density, and power density, 
which are 155 F/g, 10 Wh/kg, and 4047 W/kg, respectively, at a scan rate of 0.02 V/s, and 
demonstrates excellent performance, such like high specific capacitance, low internal resistance 
as well as rapid charge and discharge characteristics, which may have potential to replace the 
expensive carbon nanotubes and graphenes. The electrodes were made from recycled carbon 
fiber, the gel electrolyte with garlic CQDs, and a separator assembled into a sandwich structure to 
form supercapacitors. The capacity retention rate of the supercapacitor still retained 96 % of its 
initial value after 2000 cycles of charge and discharge testing at a constant current of 0.20 mA. 
This demonstrates the supercapacitor prepared in this study with competitive power density, 
energy density, high rate capability, and excellent life cycle stability by combining the garlic skin 
and carbon fiber from agricultural and industrial wastes, highlighting the enormous potential of 
agricultural and industrial wastes for energy storage applications.   

1. Introduction 

Energy requirements have shown explosive growth with the economy’s growth and society’s development in recent years. How to 
effectively save energy and energy storage has become an important topic in energy science and technology development. Many 
wearable electronic products have appeared one after another recently to improve people’s quality of life greatly. However, no matter 
what kind of electronics are used, a continuous energy supply is required to function smoothly. This also shows that developing 
efficient energy storage devices is crucial. As the global population increases yearly, so does the demand for food and industrial 
products. Meanwhile, developing alternative sustainable energy sources and searching for raw material supplies are required. The 
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global annual generation of biomass waste is in the order of 140 Gt [1]. In the case of agricultural products, inedible parts, such as 
oyster shells, corn stalks, and garlic skins, are often discarded arbitrarily or burned in the open. In addition, in the case of industrial 
products, there are also many leftovers, such as chips after metal cutting, cotton wool leftovers after making towels, and carbon fiber 
leftovers after making blades for drones or wind turbines, resulting in significant environmental impacts. 

The awareness of people’s environmental responsibility has gradually increased after the signing and initiating of the Paris 
Agreement and the Kyoto Protocol [2,3]. Problems arising from manufacturing and the environment are gradually attracted since 
many agricultural or industrial wastes cannot be decomposed naturally. Generally, biochar is highly stable and comprises more than 
65 % carbon [4]. The biochar can be produced from various feedstocks (forestry, agricultural, aquatic biomasses, livestock detritus, 
industrial and municipal wastes) by various common production techniques, such as pyrolysis, gasification, carbonization, hydro-
thermal carbonization as well as torrefaction [5]. This study applies the concept of environmental waste reduction from the viewpoint 
of circular economy. Carbon quantum dots (CQDs) and the electrodes are prepared from the garlic skins and the recycled carbon fibers 
(C-fibers). Then, both are applied to assemble the energy storage devices simultaneously. From a circular economy perspective, this 
study uses environmental waste reduction and then applies it to producing energy storage devices [6]. Owing semiconductor or metal 
quantum dots (QDs) do not dissolve each other in aqueous solutions; they must be coated with hydrophilic molecules before they can 
be used in biological areas [7]. However, this undoubtedly increases the energy cost of the QD production process and produces more 
waste. CQDs prepared from plants have the advantage of high biocompatibility [8,9]. Additionally, the hydrophilic properties of the 
surface still exist even if prepared by hydrothermal synthesis [10,11]. These hydrophilic functional groups can maintain good 
dispersion characteristics of CQDs in water, and if they are used, they will have good application prospects. 

In response to greenhouse gas emission reduction and removal, there has been a lot of research on using plants as green carbon 
sources. For example, starch extracted from corn stalks and other plants can be used as raw materials for CQDs [12]. Rice, coconut, and 
other seed husks have also been widely investigated [13]. Many researchers even synthesize CQDs from charcoal made from various 
plants [14]. There are many methods for preparing CQDs, but high-pressure hydrothermal synthesis is the most common technique 
[15]. The carbon source is sealed in a container filled with pure water or other aqueous solutions and heated at a temperature between 
150 and 260 ◦C for several hours to decompose. This simple fabrication process makes it easy to produce CQDs. In addition, CQDs can 
also be prepared by laser processing technology [16] or microwave plasma treatment technology [17]. 

C-fibers are widely applied in aeronautical engineering, automobile manufacturing, biotechnology, and medical fields since they 
have the advantages of high elastic modulus, high mechanical strength, and chemical corrosion resistance. Since composites have 
different application requirements, C-fibers are often pre-treated before being prepared into composites to achieve the appropriate 
interfacial bond strength. C-fibers are usually modified by changing their surface morphology or introducing chemical agents to 
improve the adhesion between fiber stacks by thermal treatment, plasma treatment, chemical vapor deposition, and chemical grafting 
in recent years [18]. However, the application of the waste C-fibers generated in the production process has not been effectively 
proposed. If the current situation of direct disposal of these wastes can be improved, it will undoubtedly indicate corporate re-
sponsibility and waste reduction. 

On the other hand, there are many CQDs prepared from agricultural wastes. Still, only a few studies have originated from garlic 
skins, and their main use is in applying fluorescent sensors [19]. However, CQDs were synthesized from garlic skins using 
high-temperature pyrolysis technology rather than the high-pressure hydrothermal method in this study. 

In this study, CQDs were obtained from garlic skins by high-temperature pyrolysis method and added with PVA and H3PO4 to 
produce a gel-electrolyte, and cyclic voltammetry and AC impedance analysis was performed by multifunctional cyclic voltammetry. 
The carbon fiber suspension was made by grinding the recycled C-fiber and dispersing it in Arabic gum, then depositing it on the 
methylcellulose substrate to obtain the carbon fiber-based electrodes. Cyclic voltammetry and internal resistance analysis were carried 
out. In addition, a supercapacitor was assembled with carbon fiber-based electrodes, CQDs doping gel electrolytes, and a separator in a 
sandwich configuration. The multi-function cyclic voltammetry analyzer performs cyclic charge and discharge tests to understand the 
capacitance maintenance rate of supercapacitors. Two types of waste were recycled and reused in the energy area in this study. From 
the perspective of the UN’s sustainable development goals (SDGs), it is helpful for climate change mitigation and adaptation. Solving 
energy problems without forgetting environmental responsibility will be a sustainable trend and long-term goal in the future. 

2. Experimental 

2.1. Preparation of carbon quantum dots doped gel electrolyte 

The waste garlic skins were chopped to shorten the fiber length and then carbonized at 240 ◦C for 2 h to form the CQDs precursor. 
The CQDs precursor was immersed in a mixture of disodium hydrogen phosphate, sodium hydroxide, and deionized water. Subse-
quently, the solution was centrifuged at 9000 rpm for 30 min, and the supernatant was collected and filtered through filter paper again. 
The filtered filtrate was ultrasonically dispersed in an ultrasonicator at 900 Hz for 2 h, and then the supernatant was sealed and 
protected from light for 24 h and dialyzed for 12 h. Finally, the CQDs were obtained after freeze-drying at − 80 ◦C overnight. A 
uniformly dispersed CQD suspension was prepared to fabricate the electrodes by mixing CQDs with deionized water at a 1 mg/ml ratio 
prior to use. 

PVA aqueous solution was prepared by dissolving 10 g of polyvinyl alcohol (PVA, Mw 85,000–120,000 g/mol, Sigma) in 100 ml of 
deionized water at 85 ◦C. Subsequently, H3PO4 was added dropwise into the stirred PVA solution to obtain a homogenous PVA/H3PO4 
solution. Then, the aqueous solution was dried in a vacuum oven at 60 ◦C for 6 h to form the PVA/H3PO4 gel electrolyte. To evaluate 
the effect of adding CQDs on the electrochemical performance to gel electrolyte, different proportions (0.05, 0.10, 0.15, 0.20 %) of 
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CQDs suspension were added into the PVA/H3PO4 gel electrolyte. 

2.2. Preparation of carbon fiber-based electrodes and supercapacitors assembling 

Long strips of carbon fiber waste were shredded to shorter fiber lengths, and then C-fibers were cleaned with a neutral detergent to 
remove excess impurities. The C-fibers were ground with 20 ml alcohol in the mortar for 1 h, then ground in a planetary ball mill for 24 
h in a ratio of 1:10 (carbon fiber to alcohol) by mass. The fine C-fibers were then centrifuged at 4000 rpm for 20 min, and the pre-
cipitates were dried in a vacuum oven overnight to obtain the fine C-fiber powders before use. 

The methyl-cellulose (4 g, purchased from Sigma) was added to 100 ml of ethyl alcohol and stirred at 60 ◦C until the powders 
dissolved completely. The methylcellulose substrates were obtained by casting the alcohol solutions of the methylcellulose onto a flat 
glass plate, drying at room temperature under vacuum for 15 min, and then at 50 ◦C for an additional 2 h. 

The carbon fiber suspension was prepared using Arabic gum to disperse the fine carbon fiber powder in deionized water. Briefly, 
0.5 g of fine C-fiber powder was added into 0.5 wt% of Arabic gum aqueous solution with magnetic stirring for 1 h, followed by 
ultrasonication for 4 h. Subsequently, the C-fiber suspension was centrifuged twice at 6000 rpm for 25 min in a high-speed centrifuge, 
and the supernatant was retained to obtain a uniformly dispersed C-fiber conductive suspension. To fabricate the electrode, 2 ml of C- 
fiber conductive suspension was dropped onto the methylcellulose substrates and dried at 50 ◦C overnight to obtain the 
methylcellulose-based C-fiber electrode. 

The supercapacitors were assembled from two C-fiber coated, methylcellulose-based electrodes and a nylon mesh as separator 
enclosed with the CQDs-containing PVA/H3PO4 gel electrolyte. 

2.3. Characterization 

2.3.1. Carbon quantum dots analysis 
The TGA instrument analyzed the thermal stability of garlic skin and carbon fiber (Mettler-Toledo, 2-HT). The average particle size 

and surface potential of the CQDs from carbonized garlic skin were analyzed by a zeta potential analyzer (Zetasizer; 3000HS, Malvern 
Instruments). The surface morphology of CQDs was investigated by field emission scanning electron microscopy (FESEM, JSM-6700F, 
JEOL) and penetrating electron microscopy (PHILIPS CM-200, TEM). Subsequently, The UV–Vis spectroscopy of the diluted 1000 
times carbon quantum dots conductive liquid was recorded using an ultraviolet–visible spectrometer (Jasco V-730). In addition, to 
determine the possible functional groups on the surface of the prepared CQDs, the FTIR spectroscopy of the CQDs coated on the CaF2 
was recorded by using ThermoFisher Scientific Inc. Nicolet iS5 spectrometer at a resolution of 4 cm− 1 from 4000 to 400 cm− 1. The X- 
ray photoelectron spectrometer facility (XPS; JEOL JAMP-9500F) experiments were carried out at room temperature to confirm C-fiber 
characteristics in an ultrahigh-vacuum (UHV) system with the surface analysis system. 

2.3.2. Analysis of gel electrolyte electrochemical characteristics 
Electrochemical measurements were performed in a three-electrode electrochemical cell to investigate the electrochemical 

properties of the methylcellulose-based C-fiber electrodes and supercapacitors. All electrochemical characteristics were evaluated by 
cyclic voltammetry (CV), and the galvanostatic charge/discharge and cycle life measurements were recorded on a CHI627E electro-
chemical workstation (CH Instruments, Inc.) Using a three-electrode cell consisting of the methylcellulose-based C-fiber electrodes as 
the working electrode, Pt wire, and Ag/AgCl as the counter and reference electrodes, respectively, and 1 M H3PO4 as the electrolyte. CV 
measurements were carried out in the potential range of 0.0–0.7 V at scan rates of 0.02–0.20 V/s. 

In the three-electrode cell, the specific capacitance (Cs, F/g) of the porous and sandpaper-based electrodes was calculated ac-
cording to Eq. (1) [20], i.e., the specific capacitance of the electrode is equal to the cell capacitance divided by the weight of the active 
material in the working electrode: 

Cs=
∫
ⅈdV

m ∗ s ∗ ΔV
(1)  

where i (mA) is the discharge current, m (g) is the weight of the active material, s (V/s) is the scan rate, ΔV (V) represents the operating 
potential window. In addition, the energy density (ED, Wh/kg) and power density (PD, W/kg) of the methylcellulose-based carbon 
fiber electrodes can be calculated according to Eqs. (2) and (3) [21], respectively: 

ED=
1
2

1000
3600

Cs ∗ V2 (2)  

PD=
ED ∗ 3600

t
(3)  

where t (s) is the discharge time during the scanning period. 
Electrochemical impedance spectroscopy (EIS) measurements were carried out with a chemical impedance analyzer from 100 kHz 

to 0.01 Hz. The capacitance behavior and cycle stability of the sandwiched supercapacitors were also investigated at a consistent 
current of 0.20 mA. 
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3. Results and discussion 

3.1. Thermogravimetric analysis of garlic skin and carbon fiber 

The thermal stability of the garlic skin and carbon fiber was measured using TGA analysis from room temperature to 600 ◦C. The 
results are shown in Fig. 1. The TGA of carbon fiber showed almost no loss, and the residual weight was 97.82 % at 600 ◦C. The TGA of 
garlic skin exhibited three major steps of thermal degradation. Initially, the weight loss was around 50–140 ◦C due to the removal of 
water in the garlic skin. Jeevan determined the residual char of garlic skin is 35 % at 600 ◦C by TGA [22]. The residual weight of garlic 
skin was 24.5 % at 600 ◦C in this study; considering the 8 % loss from water, the real residual weight is 32.5 %; this is agreed with the 
published reference. Furthermore, the garlic skin was converted to CQD precursor at 240 ◦C for 2 h, and the residual weight of CQD 
precursor remained over 80 %, according to Fig. 1; this confirmed that the conversion rate is successfully high and can provide enough 
carbon content as CQDs for the energy storage device. 

3.2. Surface analysis results of carbon quantum dots 

CQDs generally are typical zero-dimensional quasi-spherical shaped nanoparticles with less than 10 nm particle size and exhibiting 
a quantum confinement effect. Surface potential is an important parameter for studying the interaction between two surfaces. 
Adsorption is one kind of interaction between adsorbate and adsorbent. Here, the average particle size of the papered garlic CQDs was 
7 nm through particle size analysis and potential analysis. The measured size distribution histogram is shown in Fig. 2(a). The particle 
size of obtained CQDs in this study is similar to the reported reference published by Tong [23]. The garlic CQDs surface potential was 
examined by zeta potential measurement in Fig. 2(b). The obtained zeta potential is +0.00364 mV. The absolute zeta-potential values 
above |±30 mV| were considered moderately stable against aggregation due to charge stabilization [24]. Therefore, adding a very 
small amount of garlic CQDs to the electrolyte can help improve the electrical properties. Bui reported the CQDs by one-pot hydro-
thermal method directly from lemon juice at different temperatures. The CQDs synthesized at 200 ◦C and 240 ◦C exhibit distinguish 
size distribution in the ~12–15 nm range and 3–5 nm, respectively. The prepared CQDs show around 50 nm agglomeration particle 
size under DLS measurement and a 9.48 mV zeta potential value [25]. Fig. 2(c) and (d) show the SEM and TEM images of the garlic 
CQDs, respectively. The surface morphology shows the formation of spherical-like carbon particles after the carbonization process. The 
size of the spherical CQDs is about 250 nm, as shown in Fig. 2(c). The aggregated spheres were diluted 1000 times, and it was found 
that the CQDs could be dispersed well in water without accumulation. The size of prepared CQDs is confirmed to be about 6–10 nm, 
determined by TEM, as shown in Fig. 2(d). Tong [23] has extracted CQDs from empty fruit bunch (EFB) biochar using a green acid-free 
microwave method and reported a similar spherical form with 2.6 ± 0.6 nm particle size. Canan [26] prepared the CQDs with 
nitrogen-containing nitrogen using the green synthesis method from the Kombucha fungus and confirmed the particle size to be 5 nm. 
Furthermore, The CQDs were used as electrode materials for supercapacitors and demonstrated an improved charge-discharge cycle. In 
this study, a small amount of CQDs is added to the electrolyte and expected to increase the specific capacitance value of the electrolyte 
without agglomeration. 

3.3. UV-VIS and FTIR analysis of garlic carbon quantum dots 

Fig. 2(e) shows the UV/VIS spectrum of a diluted 1000 times carbon quantum dot solution. The absorption peak of the prepared 
sample in the UV/VIS region is related to the absorption of CQDs, and a typical electronic transition n-π* transition peak is observed at 

Fig. 1. The TGA graph of garlic skin and Carbon fiber.  
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345 nm due to the presence of oxygen-containing functional groups (such as C–O, C––O) at the surface of CQDs [27]. The inset graphs 
in Fig. 2(f) show the aqueous CQDs solution under sunlight and UV–Vis irradiation. The color of the former under sunlight is 
yellow-brown, and the latter is blue due to the CQDs being excited to emit the fluorescence under ultraviolet irradiation. 

The FTIR spectrum of the CQDs is provided to confirm the functional groups of CQDs, as shown in Fig. 2(f). An absorption position 
at around 1463 cm− 1 refers to the C–O/C–N bending vibration mode; this confirmed that the surface of CQD prepared from garlic skin 
contains an oxygen/nitrogen functional group [28,29]. In addition, the two absorption peaks that appeared at 2918 and 2848 cm− 1 

corresponded to CH2 asymmetric and symmetric stretching modes [30], respectively. XPS will carry out further investigation and 
explain. 

Fig. 2. The carbon quantum dots from garlic skin: (a)Particle size analysis; (b)Surface zero potential analysis; (c)SEM image; (d) TEM image; (e) 
UV–Vis spectrum of CQDs, brown color of CQDs aqueous solution under sunlight (left insert) and UV light irradiation (right insert); (f) FTIR 
spectrum of garlic peel CQDs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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3.4. XPS analysis of garlic carbon quantum dots 

To further confirm the functional groups on the surface of the carbonization garlic, the prepared CQDs sample was analyzed by XPS 
in this study. Fig. 3(a) shows the XPS spectrum at around 284.8, 400.8, and 532.8 eV, representing C1s, N1s, and O1s, respectively, 
which correspond to the atomic ratio of C/N/O s is 60.9, 28.4 and 10.7 %. The C1s spectrum of CQDs can be deconvoluted into four 
contributions at 285 eV (C–H), 288.3 eV (C––O), 286.7 eV (C–O–C), and 289.3 eV (O–C––O), as shown in Fig. 3(b). The N1s peak at 
399.8 eV, 399.9 eV, and 400.3 eV corresponded to N-(C––O), N-(C––O)–N, and N-(C––O)–O functional groups, respectively, as shown 
in Fig. 3(c). In addition, the peak at 399.7 eV is likely to be related to the amide bond, which also corresponds to the N–H bending 
vibration in the FTIR spectrum. The O1s peaks at 531.8 eV can be assigned to the C––O bond, as shown in Fig. 3(d), and no other 
oxygen peaks are observed. This suggests that the prepared CQDs in this study have no carboxylic acid functional group but contain 
carbonyl and amide functional groups. 

3.5. Effect of adding garlic carbon quantum dots on the specific capacitance of gel electrolyte 

Fig. 4(a) represents the CV curves of CQD-adding into H3PO4/PVA gel electrolyte with different percentages. The CV curves area 
are 4.84✕10− 6, 1.15✕10− 5, 1.24✕10− 5, 1.10✕10− 5, and 1.08✕10− 5 cm2 when the CQDs adding ratio are 0, 0.05, 0.10, 0.15–0.20 % 
to the electrolyte, respectively. This implies the CV areas increase first and then decrease with increasing the content of CQDs. In 
addition, the specific capacitance of the 1 M H3PO4/PVA gel electrolyte with different ratios of added CQDs could be calculated by Eq. 
(1), and the results are presented in Fig. 4(b). The 1 M H3PO4/PVA gel electrolyte with 0, 0.05, 0.10, 0.15, and 0.20 % addition have 
the specific capacitances of 0.002, 51.53, 110.57, 32.57, and 23.98 F/g at scanning rate of 0.02 V/s, respectively. Noteworthy, the 
specific capacitance of 1 M H3PO4/PVA gel electrolyte with 0.1 % CQD adding exhibits the highest value in these study cases, possibly 
due to a small doping of CQDs increase the charge transfer capacity of the electrolyte resulting in the lower internal resistance, hence 
increases the specific capacitance. In the earlier discussion, the prepared CQDs are determined to cause nanoparticle aggregation due 
to the lower zeta potential value. The specific capacitance decreased to 23.98 F/g when 0.20 % of the CQDs were added to 1 M H3PO4/ 
PVA gel electrolyte, which may be attributed to the agglomeration of excess CQDs in the gel electrolyte, resulting in a decrease in the 
poor charge transfer efficiency between ions, hence lower the in the specific capacitance. In summary, we concluded that the small 
addition of trace amounts of CQDs can significantly improve the specific capacitance of the electrolyte, which is benefit to the 
supercapacitors. 

3.6. Effect of adding carbon quantum dots on the equivalent series resistance of gel electrolyte 

In this study, the electrochemical impedance spectroscopy (EIS) measurement is an important characterization tool used to 
evaluate the resistive behavior of adding carbon quantum dots to the electrolyte. Fig. 4(c) shows the respective Nyquist plots for the 
addition of carbon quantum dots with a different percentage in the gel electrolyte between 100 and 1 M Hz, where Z’ (X-axis) is the real 

Fig. 3. (a) Completely measured high-resolution XPS spectrum of garlic peel CQDs; XPS spectra of (b) C1s; (c) N1s; (d) O1s.  
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part and Z’’ (Y-axis) is the imaginary part of the impedance. Fig. 4(c) and insert graph represent the high-frequency region vs. low- 
frequency region in the AC impedance. The Nyquist plots of all samples consist of a semicircle in the high-frequency region and an 
inclined line along the imaginary axis with an angle of 45◦ in the low-frequency region. The size of the cole-cole plot semicircle in the 
high-frequency region generally reflects the charge transfer process. The product or reactant of the electrode reaction reflects the 
diffusion impedance curve in the low-frequency region [31]. 

The line feature of an ideal capacitor is the curve in the low-frequency region is perpendicular to the Z′ axis and close to the Z″ axis, 
indicating that the diffusion resistance is smaller and allows ions to transfer between the electrode surface [32]. Fig. 4(c) represents the 
EIS curves of all electrolytes with and without adding quantum dots in the low-frequency region. The electrolyte with 0 % CQDs 
addition shows a Warburg region with a 45◦ angle in the low-frequency region related to the ionic diffusion between electrolyte and 
electrode. This indicates the high diffusivity resistance. The insert graph in Fig. 4(c) shows EIS curves of the addition of different CQDs 
in the gel electrolyte in the high-frequency region. The equivalent series resistance (ESR) values of gel electrolytes are 30.18, 30.00, 
29.92, 29.98, and 30.18 Ω when CQDs are added into electrolytes with 0, 0.05, 0.10, 0.15, and 0.20 %, respectively, as shown in Fig. 4 
(d). Notably, the lowest ESR value is found in this study when doping with 0.10 % of CQDs into electrolytes. This also can explain the 
earlier CV results and why the highest specific capacitance is determined in Fig. 4(b). However, the ESR values decreased when the 
excess amounts of carbon quantum dots were added from 0.10 to 0.20 %, decreasing specific capacitance, as shown in Fig. 4(d). Cheng 
[33] reported a novel nanocomposite polymer electrolyte by introducing the CQDs with 2–3 nm nanofiller into a poly (ethylene oxide) 
(PEO) matrix. The PEO/CQDs-Na nanocomposite polymer electrolyte exhibits an exceptionally high ionic conductivity due to the 
homogeneous dispersion of CQDs at 3 wt% within the PEO matrix. Furthermore, the inserted graph in Fig. 4(c) shows almost no 
semicircle curve formation, which implies that the charge transfer resistance in the electrolyte is extremely small, resulting in a good 
charge transfer efficiency between the electrolyte and electrode surface. 

3.7. Cyclic voltammetry analysis of methylcellulose-based carbon fiber electrodes 

In a three-electrode electrochemical cell, the ideal cyclic voltammetry curve should appear in a shape close to rectangular. 
However, a contact resistance or internal resistance of the electrolyte will occur due to the contact between the electrode and the 
electrolyte, resulting in an ideal cyclic voltammetry curve swift from the ideal shape [34]. Fig. 5(a) shows the cyclic voltammetry curve 
of a methylcellulose-based C-fibers electrode tested in phosphoric acid at a scanning rate of 0.20 to 0.02 V/s. All curves exhibit 
symmetrical shapes at different scanning rates, which shows that the electrode has superior capacitance properties and ideal redox 

Fig. 4. (a) Cyclic voltammetry curves; (b) specific capacitance values of different concentrations of CQDs adding to the phosphoric acid gel 
electrolyte; (c) AC impedance analysis curves at (i) low frequency region, (ii) high frequency region; (d) ESR change for different concentrations of 
CQDs adding to phosphoric acid gel electrolyte. 

H.H. Yu et al.                                                                                                                                                                                                           



Heliyon 10 (2024) e31220

8

characteristics. The specific capacitance of the methylcellulose-based C-fibers electrode at a scanning rate of 0.20 to 0.02 V/s can be 
calculated according to eq (1). The results are presented in Fig. 5(a) and listed in Table 1. The specific capacitance of 
methylcellulose-based carbon fiber electrode increased with decreasing the scan voltage, and at 0.02, 0.10, 0.05, and 0.02 V/s are 
46.68, 76.10, 107.9, and 155.58 F/g, respectively. It is obvious that the specific capacitance of the methylcellulose-based C-fibers 
electrode at 0.02 V/s has the highest value among all scan rates. This might be attributed to the high surface area of the C-fiber 
electrode, which allowed more ions to charge onto the carbon fiber electrode at a lower scan rate, similar to our previous results [35]. 
In addition, the energy density (ED) and power density (PD) of the methylcellulose-based carbon fiber electrode at different specific 
capacitances can also be calculated by eqs. (2) and (3). the energy density (ED) and power density (PD) of the methylcellulose-based 
carbon fiber electrode were 4.18, 5,18, 7,34, and 10.59 Wh/kg and 1214, 1979, 2806, 4047 W/kg at the specific capacitance of 46.68, 
76.10, 107.9 and 155.58 F/g, respectively, as listed in Table 1. The specific capacitance values of other electrodes prepared by other 
researchers were also compared in this study. The scan rate, voltage range, and their specific capacitance are listed in Table 2. The 
electrode prepared in this study using recycled C-fibers has the highest specific capacitance value of 155.58 F/g compared to CNT, rGO, 
and MWCNT-based electrodes [36–38]. Furthermore, the methylcellulose-based C-fiber electrode demonstrates excellent performance 
than other reported modified activated carbons [39], carbon nanotubes [40–42] as well as graphenes [43–48], as shown in Fig. 6(a). It 
also displays that C-fiber has a high potential to replace the expensive carbon nanotubes and graphenes. 

The ratio of the absolute difference between capacitance values measured at two scan rates and the capacitance at the higher scan 
rate is known as the attenuation rate (α, %). As the attenuation rate increases, the rate capability (β) decreases. The rate capability of 
the capacitance can be obtained as follows [49]: 

ΔCs= |Csl − Csh| (4)  

Fig. 5. The methyl cellulose-based recycle-carbon fiber electrode in phosphoric acid electrolyte (a) Cyclic voltammetry curves under different scan 
rates; (b)Specific capacitance at different scan rates; (c) The galvanostatic charge/discharge graph and internal resistances at a constant current of 
0.20 mA. 
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α=
ΔCs
Csh

× 100% (5)  

β=1 − α (6) 

Table 1 
Specific capacitance values of methylcellulose-based carbon fiber electrodes at different scan rates.  

Scan rate (V/s) Electrolytes Specific capacitance (F/g) Energy density (Wh/kg) Power density (W/kg) 

0.20 PVA/H3PO4 46.68 3.18 1214 
0.10 PVA/H3PO4 76.10 5.18 1979 
0.05 PVA/H3PO4 107.90 7.34 2806 
0.02 PVA/H3PO4 155.58 10.59 4047  

Table 2 
Comparison of specific capacitance values of different electrodes.  

Substrates Electrode materials Gel Electrolytes Scan rate (V/s) Voltage range (V) Specific capacitance (F/g) Ref. 

MXene Fiber Mxene/CNTs PVA/H2SO4 0.20 − 0.6–0.3 142.10 [36] 
Carbon Cloth PEDOT:PSS-rGO PVA/H3PO4 0.10 0–1.0 73 [37] 
Sandpaper G/MWCNTs PVA/H3PO4 0.02 0–0.7 55 [38] 
Methylcellulose Recycle C-fiber PVA/H3PO4 0.02 0–0.7 155.58 Our work  

Fig. 6. (a)The performance comparison of the C-Fiber based electrode verses literature reported values of modified carbon sheets, activated car-
bons, carbon nanotubes, graphenes. (b)The results of the electrode of methyl cellulose-based recycle-carbon fiber after 2000 cycles of charge- 
discharge tests at a constant current of 0.20 mA. 
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where the Csh and Csl are the specific capacitance values at high and low scan rates; ΔCs (F/g) is the absolute value of the difference in 
capacitance between two scan rates. The β value for the methylcellulose-based carbon fiber electrode is 70.32 %, according to Eq. (6) 
and Fig. 5(b). The β value methylcellulose-based C-fiber electrode is lower than our previous results; this suggested that more ions 
adsorb on the electrode and enhance the energy storage rate for the EDLC at a low scan rate [35,38], which caused the higher decay 
rate, therefore, lower the β value. Fig. 5(c) presents the galvanostatic charge/discharge testing results of the methylcellulose-based 
carbon fiber electrode at a current of 0.20 mA. The ideal constant-current charge and discharge pattern is an isosceles triangle 
shape. However, the impedance occurs when the charge ions are released from the electrodes and return to the electrolyte during 
discharge. This impedance is called the internal resistance (iRdrop). Decreasing the iRdrop value can avoid unnecessary energy con-
sumption and waste heat generation during the discharge process and increase specific capacitance [50,51]. The iRdrop value of the 
methylcellulose-based carbon fiber electrode is 0.122 V, significantly smaller than the sandpaper-based electrode (0.161V) in our 
previous study. As a result, the curve of charge and discharge process of the carbon fiber electrode prepared in this study demonstrated 
in the shape of an isosceles triangle, which confirmed that the methylcellulose-based C-fibers electrode exhibits excellent rapid charge 
and discharge characteristics and good reversibility. 

3.8. Electrochemical analysis of supercapacitors 

Garlic skin and carbon fiber from agricultural and industrial wastes are used to prepare energy storage devices. Fig. 6(b) shows the 
galvanostatic charge/discharge curve of a sandwiched structure supercapacitor obtained at a current of 0.20 mA over about 2000 
cycles in which 0.1 % CQD is added to the gel electrolyte and used a filter paper as separator. The capacitance retention rate of carbon 
fiber electrode-based supercapacitor remains at 96 % of the initial capacitance. The supercapacitor prepared with carbon fiber 
electrode and 0.1 % CQD added gel electrolyte exhibits capacitance retention of 96 %, representing excellent cyclic stability in 
comparison with reported bio-mass derived carbon such as potato starch-based activated carbon shows 86 % capacitance retention 
over 900 cycles [52], and CQDs-incorporated with ferrous-coordinated polypyrrole (CQDs/PPy-Fe) as electrode of supercapacitor 
shows of 94.6 % after 2000 cycles [53], as well as Cassia Fistula dry fruits biomass converted activated carbon as electrodes for 
supercapacitor maintained ~86 % of its initial capacitance after 2000 cycles [54]. The result confirmed that the high capacitance 
retention rate of carbon fiber electrodes indicates their good electrochemical behavior and cycling stability. This may contribute to the 
appropriate amount of CQDs in the electrolyte, reduce the internal resistance, and increase the charge transfer efficiency when 
introducing the carbon fiber electrode. This study suggests that the prepared CQDs from the agricultural garlic skin and electrodes from 
industrial waste C-fibers might have potential in future applications on flexible and wearable electronic devices and energy storage 
devices. 

4. Conclusions 

This study successfully prepared CQDs and conductive electrodes from garlic skin and recycled C-fibers using high-temperature 
pyrolysis and grinding methods. The specific capacitance can reach 110.57 F/g, and the equivalent series resistance can be effec-
tively reduced to 29.92 Ω as 0.10 % CQDs are added into the gel electrolyte. In addition, the specific capacitance value, energy density, 
and power density of carbon fiber-based electrodes can reach 155 F/g, 10 Wh/kg, and 4047 W/kg at a scan rate of 0.02 V/s, 
respectively. The supercapacitor with sandwiched structures retains its initial value of 96 % after 2000 cycles of charge and discharge 
tests under a constant current test of 0.20 mA. This research verified using environmental factors such as agricultural and industrial 
wastes to manufacture energy storage devices. From the circular economy perspective, it is consistent with the goal of sustainable 
environmental development of the United Nations SDGs. 
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